Drosophila Dicer-2 generates small interfering RNAs (siRNAs) from long double-stranded RNA (dsRNA), whereas Dicer-1 produces microRNAs (miRNAs) from pre-miRNA. What makes the two Dicers specific for their biological substrates? We find that purified Dicer-2 can efficiently cleave pre-miRNA, but that inorganic phosphate and the Dicer-2 partner protein R2D2 inhibit pre-miRNA cleavage. Dicer-2 contains C-terminal RNase III domains that mediate RNA cleavage and an N-terminal helicase motif, whose function is unclear. We show that Dicer-2 is a dsRNA-stimulated ATPase that hydrolyzes ATP to ADP; ATP hydrolysis is required for Dicer-2 to process long dsRNA, but not pre-miRNA. Wild-type Dicer-2, but not a mutant defective in ATP hydrolysis, can generate siRNAs faster than it can dissociate from a long dsRNA substrate. We propose that the Dicer-2 helicase domain uses ATP to generate many siRNAs from a single molecule of dsRNA before dissociating from its substrate.
INTRODUCTION
In Drosophila melanogaster, distinct pathways produce 21 nt small interfering RNAs (siRNAs) and $22 nt microRNAs (miRNAs). The RNase III enzyme Drosha, aided by its partner protein, Pasha, cleaves primary miRNAs to release pre-miRNAs, $70 nt long stem-loop structures that contain a mature miRNA within their stems (Lee et al., 2003; Denli et al., 2004; Gregory et al., 2004; Han et al., 2004 Han et al., , 2006 . The pre-miRNA is then cleaved by Dicer-1, acting with its double-stranded RNA (dsRNA)-binding domain (dsRBD) protein partner, Loquacious-PB (Loqs-PB), to liberate a duplex comprising the mature miRNA bound to its miRNA*, a partially complementary small RNA derived from the opposite arm of the pre-miRNA stem (Fö rstemann et al., 2005; Jiang et al., 2005; Saito et al., 2005; Ye et al., 2007) . Mature miRNAs can derive from either the 5 0 or 3 0 arm of the pre-miRNA stem.
In contrast to miRNAs, Drosophila siRNAs are generated by Dicer-2 , which forms a stable complex with the dsRNA-binding protein R2D2 (Liu et al., 2003) . In vitro, Dicer-2 can produce siRNAs in the absence of R2D2, but both Dicer-2 and R2D2 are required to load siRNAs into Ago2 (Liu et al., 2003 (Liu et al., , 2006 Tomari et al., 2004 Tomari et al., , 2007 Pham and Sontheimer, 2005) . Exogenous siRNAs derive from long dsRNA molecules that are generated experimentally, from viral RNA genomes or intermediates of replication, whereas endosiRNAs derive from convergent transcription of mRNAs or from RNA from mobile genetic elements (Yang and Kazazian, 2006; Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et al., 2008; Okamura et al., 2008a Okamura et al., , 2008b Tam et al., 2008; Watanabe et al., 2008) . A special class of endogenous siRNAs, hp-esiRNAs, derive from partially self-complementary hairpin transcripts. Production of esiRNAs by Dicer-2 requires an alternative partner protein, Loqs-PD. This Loqs isoform contains only two of the three dsRBDs found in the Dicer-1 partner protein, Loqs-PB (Okamura et al., 2008b; Hartig et al., 2009; Zhou et al., 2009; Miyoshi et al., 2010; Hartig and Fö rstemann, 2011) .
Dicer-1 and Dicer-2 each contain two RNase III domains, which form an intramolecular heterodimer whose dimer interface creates two active sites (Zhang et al., 2004; Macrae et al., 2006; Ye et al., 2007) . Like other members of the Dicer family, Dicer-1 and Dicer-2 each contain a C-terminal dsRBD and a central PAZ domain, an RNA-binding motif specialized to recognize the twonucleotide, 3 0 single-stranded tails of Drosha and Dicer products (Bass, 2000; Cerutti et al., 2000; Lingel et al., 2003 Lingel et al., , 2004 Song et al., 2003; Yan et al., 2003; Ma et al., 2004; Zhang et al., 2004; Gan et al., 2006; Macrae et al., 2006; MacRae et al., 2007) . The structure of Giardia intestinalis Dicer and functional studies using human Dicer suggest that the distance between the PAZ domain and the active sites of the RNase III domains establishes the length of the small RNA product (Zhang et al., 2004; Gan et al., 2006; Macrae et al., 2006; MacRae et al., 2007; Takeshita et al., 2007) .
Differences in the domain architecture of Dicer-1 and Dicer-2 ( Figure S1A ) are unlikely to explain their distinct substrate specificities. Drosophila Dicer-2 shares its domain architectureincluding N-terminal DExDc, Helicase C, PAZ, RNase IIIa, RNase IIIb, and dsRBD domains-with human Dicer, which produces both siRNAs and miRNAs. In contrast, Dicer-1 lacks a DExDc domain, yet has a Helicase C domain. DExDc/H and DEAD box domains are found in a wide range of RNA ''helicases,'' proteins that couple ATP hydrolysis to RNA binding or unwinding (Pyle, 2008) . In addition to unwinding nucleic acids, helicase domains can couple ATP hydrolysis to translocation along nucleic acid molecules, rearrange RNA:protein or protein:protein interactions, or act as RNA chaperones (Bianco and Kowalczykowski, 2000; Beran et al., 2006; Bowers et al., 2006; Dumont et al., 2006; Halls et al., 2007; Pyle, 2008; Franks et al., 2010) .
In Drosophila and Caenorhabditis elegans, siRNA production from long dsRNAs requires ATP (Zamore et al., 2000; Bernstein et al., 2001; Ketting et al., 2001; Nykä nen et al., 2001 ). Moreover, a point mutation (G31R) in the Drosophila Dicer-2 helicase domain blocks siRNA production in vivo, although the protein retains the ability to collaborate with R2D2 to load synthetic siRNAs Pham et al., 2004) and highly paired miRNA/miRNA* duplexes (Fö rstemann et al., 2007) into Ago2. In contrast, a mutation predicted to inhibit nucleotide binding by the human Dicer helicase domain does not affect dicing (Zhang et al., 2002) .
What restricts a given Dicer to a specific dsRNA substrate? We find that purified, recombinant Dicer-2 can cleave premiRNA, but that R2D2 inhibits processing of pre-miRNA by Dicer-2, while promoting use of its biologically relevant substrate by reducing the K M of Dicer-2 for long dsRNA. Moreover, physiological concentrations of inorganic phosphate block premiRNA processing by Dicer-2, but do not inhibit processing of long dsRNA by Dicer-2 or pre-miRNA processing by Dicer-1. Thus, the characteristic specificity of Dicer-2 for long dsRNA is not intrinsic to the enzyme, but rather emerges in the presence of inorganic phosphate and R2D2. We also find that Dicer-2 is a dsRNA-stimulated ATPase that hydrolyzes ATP to ADP; ATP hydrolysis is required for Dicer-2 to process long dsRNA, but not pre-miRNA. Wild-type Dicer-2, but not a mutant defective in ATP hydrolysis, can generate siRNAs faster than it dissociates from its long dsRNA substrate. We envision that the Dicer-2 helicase domain uses ATP to drive the movement of Dicer-2 along dsRNA, enabling it to generate many siRNAs from a single molecule of substrate before dissociating from the dsRNA.
RESULTS

Dicer-2 Processes Pre-miRNA Inaccurately
In vivo, Dicer-1 but not Dicer-2 is required to produce miRNAs from the stems of pre-miRNA. Surprisingly, purified, recombinant Dicer-2 cleaved pre-miRNA (Figure 1) . However, the size of the miRNA and miRNA* products generated by Dicer-2 differed from those produced by Dicer-1: the predominant Dicer-2 product was one nucleotide shorter than that produced by Dicer-1. For miRNAs residing on the 5 0 arm of their premiRNA, such a difference in size would not alter the miRNA seed sequence, but could promote their inappropriate loading into Argonaute2, which favors 21 nt RNAs, rather than Argonaute1, which prefers 22-mers (Ameres et al., 2011) . For the $60% of D. melanogaster miRNAs derived from the 3 0 arm of their pre-miRNA, the seed sequence of the Dicer-2 product would differ from the authentic miRNA and would therefore regulate a repertoire of mRNAs different from that controlled by the authentic miRNA. The biological consequences of such misregulation are predicted to be dramatic, suggesting that processing of pre-miRNA by Dicer-2 is suppressed in vivo.
Dicer-1 Does Not Efficiently Process Long dsRNA
In the absence of Dicer-2, flies do not accumulate siRNAs Ghildiyal et al., 2008; Okamura et al., 2008a Okamura et al., , 2008b Czech et al., 2008) . Why does Dicer-1 not make siRNAs in the absence of Dicer-2, especially since immunopurified Dicer-1 has been reported to dice long dsRNA (Saito et al., 2005) ? Loqs-PB has been proposed to prevent Dicer-1 from processing long dsRNA, restricting it to the miRNA pathway (Saito et al., 2005) . However, we find that Dicer-1 is unable to catalyze multiple-turnover cleavage of long dsRNA (data not shown). In fact, 225 nM Dicer-1 was approximately as active at siRNA production from 25 nM long dsRNA as 5.4 nM Dicer-2. Unlike Dicer-2, Dicer-1 generated intermediates when processing long dsRNA ( Figure S1B ). Our data argue against Loqs-PB restricting Dicer-1 to the miRNA pathway. Instead, they suggest that the fundamental block to Dicer-1 processing long dsRNA is its inherent inefficiency in using this substrate.
R2D2 Inhibits Dicing of Pre-miRNA by Dicer-2 We compared the rate of pre-let-7 processing by Dicer-2 alone to the rate of purified Dicer-2/R2D2 heterodimer, Dicer-2 supplemented with equimolar Loqs-PD, and Dicer-2/R2D2 heterodimer supplemented with Loqs-PD. R2D2 significantly inhibited pre-let-7 processing by Dicer-2 when either enzyme (data not shown) or substrate was in excess (Figure 2A ) (p value for excess substrate = 0.0009). Similar inhibition of Dcr-2 processing by R2D2 was observed for a 25 bp RNA duplex (Figure S2A) , suggesting that R2D2 suppresses processing of short, Dicer-1 (6.0 nM) or Dicer-2 (16.2 nM) for 1 hr. Products were resolved by electrophoresis. let-7 and let-7* were detected by northern hybridization.
double-stranded substrates irrespective of the extent of complementarity or the presence of a loop. In contrast, we did not detect any inhibition of pre-let-7 processing when Loqs-PD was added to Dicer-2, even though the same preparation of Loqs-PD lowered the K M of Dicer-2 for long dsRNA 10-fold (Table 1 ). These data suggest that, R2D2, but not Loqs-PD, helps suppress pre-miRNA processing by Dicer-2 in vivo.
R2D2 and Loqs-PD Decrease the K M of Dicer-2 for Long dsRNA Dicer-2 forms a stable heterodimer with R2D2 (Liu et al., 2003 (Liu et al., , 2006 Tomari et al., 2004) , but it is unknown whether R2D2 modulates dicing rate. We measured the initial rate of dicing by Dicer-2 alone or by the Dicer-2/R2D2 heterodimer using increasing concentrations of long dsRNA substrate and saturating ATP (1 mM). For both Dicer-2 and Dicer-2/R2D2, the data fit well to the Michaelis-Menten kinetic scheme ( Figure S5 )
where k cat is the rate of complete conversion of substrate into siRNAs at saturating dsRNA concentration. The k cat of Dicer-2/R2D2 processing a 515 bp dsRNA (0.03 ± 0.02 min À1 ) was indistinguishable from that of Dicer-2 alone (0.03 ± 0.01 min À1 ) (Table 1 ). In contrast, the K M for Dicer-2/R2D2 (2 ± 1 nM) was less than that of Dicer-2 alone (6 ± 2 nM, p value = 0.04), suggesting that R2D2 increases the affinity of Dicer-2 for long dsRNA (Table 1) . Similarly, supplementing Dicer-2 (2 nM) with purified recombinant Loqs-PD (2 nM) did not alter the k cat but did decrease K M (0.4 ± 0.1 nM, p value = 0.02), suggesting that Loqs-PD also increases the affinity of Dicer-2 for long dsRNA (Table 1) .
Phosphate Inhibits Dicing of Pre-miRNA by Dicer-2 In flies, dicing of long dsRNA requires ATP (Nykä nen et al., 2001) . Typically, creatine kinase (CK) and creatine phosphate (CP) are included in dicing reactions to maintain high levels of ATP and constant levels of free Mg
2+
. Relative to ATP alone, the inclusion of CK and CP modestly enhanced Dicer-2 processing of both a 106 bp dsRNA bearing a 5 0 monophosphorylated blunt end ( Figure 2B ) and a 316 bp dsRNA bearing a 5 0 triphosphorylated, 2 nt, 5 0 overhang ( Figure S2B ), but did not enhance processing of a 104 bp dsRNA with a 5 0 monophosphorylated, 2 nt, 3 0 overhang ( Figure 2B ). In contrast, standard ''ATP'' conditions (+ATP, +CP, +CK) inhibited pre-let-7 processing by Dicer-2. More detailed analyses revealed that CP sufficed to inhibit prelet-7 dicing. CP can be hydrolyzed in water to creatine and phosphate. We therefore tested whether inorganic phosphate inhibited pre-let-7 processing by Dicer-2. We measured the initial rate of processing (v 0 ) with increasing concentrations of potassium phosphate (KH 2 PO 4 /K 2 H PO 4 , pH 7.4) for pre-let-7, a 106 bp blunt end dsRNA, and a 104 bp dsRNA with 2 nt, 3 0 overhanging ends. Physiological concentrations of phosphate (Burt et al., 1976; Ereci nska et al., 1977; Auesukaree et al., 2004) inhibited processing of pre-let-7 but neither of the two dsRNAs ( Figure 2C ). We observed little or no inhibition of pre-miRNA processing by Dicer-2 with 25 mM acetate, chloride, or glutamate ( Figure 2D ).
Moreover, none of the anions-including phosphate-had a significant effect on the dicing of long dsRNA. Phosphate further inhibited the low level of pre-let-7 processing of Dicer-2/R2D2 ( Figure 2C ) and Dicer-2/R2D2 + Loqs-PD and suppressed pre-let-7 processing by Dicer-2 + Loqs-PD (data not shown). In contrast, processing of pre-let-7 by Dicer-1 was unaffected by phosphate ( Figure 2C ). We conclude that under physiological conditions-2-25 mM phosphate and a majority of Dicer-2 complexed with R2D2-Dicer-2 is unlikely to use pre-miRNA as a substrate.
ATP Hydrolysis and siRNA Production by Dicer-2
The Dicer-2 G31R point mutation, which lies in the protein's DExDc motif, uncouples Argonaute2 loading from dsRNA dicing . The mutation is predicted to disrupt ATP binding. Consistent with the requirement for ATP in siRNA production by Dicer-2, dsRNA processing by purified recombinant Dicer-2 G31R was significantly less than wild-type Dicer-2 for substrates with either blunt or 3 0 overhanging ends ( Figure 2D ) (p value = 2.2 3 10 À6 for blunt end substrate). While dsRNA processing by wild-type Dicer-2 was strongly stimulated by ATP, mutant Dicer-2 G31R was not ( Figure 2D ). Nonetheless, Dicer-2 G31R cleaved pre-let-7 as efficiently as the wild-type enzyme, consistent with the finding that ATP was not required for wildtype Dicer-2 to cleave pre-let-7 ( Figure 2A ). Moreover, processing of long dsRNA by wild-type Dicer-2 was inhibited by adenosine 5 0 -O-(3-thio)triphosphate (ATPgS), but processing of prelet-7 was not ( Figure 2D ).
In agreement with ATPgS inhibiting dsRNA processing, Dicer-2 hydrolyzed ATP to ADP ( Figure 3A ). Both ATP and ATPaS supported the production of siRNA from long dsRNA, but ATPgS did not ( Figure 3B ). In the presence of 1 mM ATP, the rate of dicing long dsRNA declined exponentially with increasing ATPgS, suggesting that ATPgS competes with ATP for binding to Dicer-2 and that, once bound, ATPgS is not efficiently hydrolyzed, preventing the production of siRNAs from long dsRNA.
Dicer-2 Is a dsRNA-Stimulated ATPase ATP hydrolysis by Dicer-2 increased when dsRNA was added ( Figure 3C ) (p value = 0.024, Wilcoxon rank-sum test). The inclusion of 120 nt single-stranded RNA or DNA or 120 bp DNA/RNA heteroduplex or double-stranded DNA stimulated ATP hydrolysis less than the 120 bp dsRNA (all 20 nM) ( Figure 3C ). A 25 nt single-stranded RNA or DNA, a 21 bp dsRNA, and a 21 bp DNA/RNA heteroduplex all failed to stimulate the Dicer-2 ATPase activity above the rate observed when no substrate was present ( Figure S3B ). Neither the end structure of the dsRNA-blunt versus 3 0 overhang-nor the presence of a 5
0.3 ± 0.1 mM min À1 ) significantly changed the ATP hydrolysis rate ( Figure 3D ). ATP hydrolysis by Dicer-2 does not require dsRNA cleavage. A Dicer-2 mutant, D1217,1615N, in which a key aspartate in each of the two RNase III domain active sites was changed to asparagine, retained significant dsRNA-stimulated ATPase activity (p value = 0.02) ( Figure 3E ). Under multipleturnover conditions, Dicer-2 D1217,1615N was essentially inactive for dicing, and siRNA production was detected only when (A) let-7 production was monitored using 5 0 32 P-radiolabeled pre-let-7 (100 nM) with or without ATP for Dicer-2 alone (8 nM), Dicer-2/R2D2 (8 nM), Dicer-2 + Loqs-PD (8 nM + 8 nM), or Dicer-2/R2D2 + Loqs-PD (8 nM + 8 nM).
(B) Processing of internally 32 P-radiolabeled long dsRNA or 5 0 32 P-radiolabeled pre-let-7 (100 nM) by Dicer-2 (8 nM). CK, creatine kinase; CP, creatine phosphate. Figure 3E ). We conclude that the Dicer-2 helicase domain is responsible for the enzyme's dsRNA-stimulated ATPase activity.
ATP Consumption and Dicing Are Coupled
We measured the initial rates of siRNA production and ATP hydrolysis using a 515 bp dsRNA in the presence of increasing concentrations of ATP. The dependence on ATP concentration of both siRNA production and ATP hydrolysis fit well to the Michaelis-Menten kinetic scheme ( Figure 3F ). When both substrate and ATP were saturating (i.e., R10 3 K M ), the k cat for ATP hydrolysis was 93 ± 14 min À1 , whereas the k cat for siRNA production was 4 ± 1 min À1 , as inferred from the k cat for the complete conversion of a molecule of substrate into siRNA. These values predict that 23 ± 8 molecules of ATP are hydrolyzed for each 21 nt siRNA formed ( Figure 3F and Table 2 ). Such a high rate of ATP hydrolysis for each siRNA produced might suggest that ATP energy and siRNA production are poorly coupled. Alternatively, ATP might be hydrolyzed to power translocation of Dicer-2 along the dsRNA, with approximately one ATP molecule consumed for each base pair traversed, a rate similar to DNA and RNA translocases containing ATPase/helicase domains (Bianco and Kowalczykowski, 2000; Patel and Donmez, 2006; Seidel et al., 2008) . Consistent with this idea, the rate of ATP consumption was essentially unchanged for different substrate lengths when the molar concentration of base pairs was kept constant (Pearson correlation, r = 0.98) ( Figures 3G and S3B ).
Evidence that Dicer-2 Is Processive
If ATP fuels the translocation of Dicer-2 along dsRNA, dicing should produce successive siRNAs along the substrate. In the presence of ATP, Dicer-2 would be predicted to produce the first siRNA-i.e., the terminal siRNA-at roughly the same rate as subsequent, internal siRNAs. In contrast, in the absence of ATP, the rate of production of siRNA should decline as its distance from the 5 0 end increases. To test these predictions, we synthesized three identical 120 nt dsRNA substrates, each bearing a single 32 P radiolabel at position 16, 35, or 104 from the 5 0 end of one strand ( Figure 4A ). All substrates contained two deoxynucleotides at one end, forcing Dicer-2 to initiate processing from the opposite end ( Figure S4A ) (Rose et al., 2005) . We used this ''one-ended'' substrate to examine the production of the first, second, or fourth siRNA (see Experimental Procedures) in the presence or absence of ATP (Figure 4A ). With 1 mM ATP, the initial rates for the production of the first, second, and fourth siRNAs were essentially indistinguishable ($28 nM min À1 ); with no ATP, the rate for the first siRNA (1.4 ± 0.3 nM min À1 ) was greater than that of the second (0.9 ± 0.1 nM min À1 ), which was greater than the rate for the fourth siRNA (0.2 ± 0.1 nM min À1 ) ( Figure 4A ).
We can envision two explanations consistent with these results and previous studies on Dicer enzymes: either ATP fuels processive dicing of long dsRNA, or dicing of long dsRNA in the presence of ATP comprises a slow initial binding step to the end of the substrate, followed by rapid but ATP-dependent production of subsequent siRNAs. Such a two-step process might occur if the rate of production of the first siRNA was slowed by the blunt structure of the substrate; the first dicing event would convert the substrate end to a 2 nt, 3 0 overhang bearing a 5 0 monophosphate, with all subsequent siRNAs produced rapidly.
To test this idea, we prepared a substrate bearing one blocked end and a 2 nt, 3 0 overhang bearing a 5 0 monophosphate at the other end ( Figure S4B ). The rates of first siRNA production from both blunt and 3 0 -overhanging end substrates were indistinguishable when the reactions contained ATP-conditions where dicing was efficient. They were also similar when ATP was omitted-when dicing was slow ( Figure 4B ). The subsequent siRNAs were also produced at similar rates from the two different substrates ( Figure S4B ). Thus, we favor the hypothesis that ATP converts Dicer-2 from an inefficient, distributive enzyme into a processive enzyme.
Surprisingly, ATP also enhanced the production of the terminal siRNA from long dsRNA under single-turnover conditions ([Dicer-2] >> [dsRNA]); the enhancement by ATPgS was considerably weaker ( Figure 4C ). This suggests that ATP hydrolysis is required for the production of even the first siRNA. ATP was required irrespective of the terminal structure of the dsRNA (blunt versus 3 0 overhang), excluding a role for ATP in the binding of Dicer-2 to a particular type of dsRNA end.
Moreover, when the [enzyme] > [dsRNA], helicase mutant Dicer-2 G31R produced the first siRNA at similar rates in the (E) Processing of internally 32 P-radiolabeled long dsRNA or 5 0 32 P-radiolabeled pre-let-7 substrate (100 nM) by wild-type or G31R mutant Dicer-2 (8 nM)
with or without ATP or with ATPgS (1 mM). Values are mean ± standard deviation for three independent experiments. Dicer-2, Dicer-2/R2D2, or Dicer-2 supplemented with equimolar Loqs-PD was incubated with a 515 bp dsRNA and saturating ATP (1 mM) ATP. The initial rates of converting dsRNA into siRNA for increasing amounts of substrate were measured and fit to the Michaelis-Menten equation ( Figure S5 ). The table reports mean ± standard deviation for three trials. 
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Phosphate and R2D2 Restrict Dicer-2 to Long dsRNA presence or absence of either ATP or ATPgS ( Figures 4D and  S4C ). For Dicer-2 G31R , the rate of production of the terminal siRNA was faster than that of the fourth siRNA, consistent with the idea that ATP hydrolysis converts Dicer-2 from a distributive to a processive enzyme ( Figure 4E ).
Dicer-2 Produces siRNAs without Dissociating from the dsRNA A processive enzyme can act multiple times on its substrate before dissociating. Thus, catalysis by processive enzymes resists dilution (Rivera and Blackburn, 2004) . To test whether Dicer-2 remains physically associated with the long dsRNA after three subsequent dicing events, we used the 120 nt, site-specifically 32 P-radiolabeled dsRNA to monitor the rate of production of the fourth siRNA following dilution ( Figure 4A ). The dsRNA substrate (200 fmol) was first preincubated with Dicer-2 (54 fmol) for 2 min at 4 C to allow the enzyme to bind substrate. During this preincubation step, no siRNA was detected (data not shown). Next, the reaction was diluted 1000-fold into buffer prewarmed to 25 C. The diluted reaction was incubated at 25 C, and production of the fourth siRNA was measured over time ( Figure 5A ). During the preincubation, the substrate concentration (20 nM) was >3-fold greater than the K M of Dicer-2 for long dsRNA; after dilution, the substrate concentration was $300 times less than the K M . For both the preincubation and the dilution steps, the dsRNA substrate was present at $4-fold higher concentration than Dicer-2. When the preincubation was omitted, little fourth siRNA was produced ( Figure 5B ), demonstrating that the conditions largely prevented reassociation of Dicer-2 with dsRNA once it dissociated from the substrate.
When ATP was included in both the preincubation and the dilution buffer, 54 fmol of Dicer-2 produced 10 fmol of fourth siRNA in 1 hr. About half as much fourth siRNA was produced when ATP was present in the dilution buffer but omitted from the preincubation. When ATP was omitted from the dilution buffer, essentially no fourth siRNA was produced, regardless of whether ATP was present during the preincubation, suggesting that ATP dissociates rapidly from Dicer-2. More fourth siRNA was made when ATP was present in both the preincubation and dilution buffers than when preincubation was carried out in the absence of ATP (p value = 0.015). We conclude that the initial binding of Dicer-2 to the end of long dsRNA is enhanced by ATP and that in the presence of ATP, Dicer-2 remains associated with the dsRNA. We propose that the stably bound Dicer-2 then cleaves successive siRNAs along the dsRNA (Figure 6 ).
DISCUSSION
Purified Dicer-1 and Dicer-2 both process pre-miRNAs, but generate products of different length (22 versus 21 nt). Genetic analyses suggest that Dicer-1 and Dicer-2 are restricted to specific substrate classes in vivo . For example, Dicer-2 cannot replace Dicer-1 in the miRNA pathway. Similarly, dicer-2 mutants are defective for RNAi, even though they express normal levels of Dicer-1 . Despite structural similarities, Dicer-2 specifically processes esiRNA hairpins, while Dicer-1 cleaves pre-miRNAs Fö rstemann et al., 2005; Jiang et al., 2005; Saito et al., 2005; Miyoshi et al., 2010) . This observation suggests that the length of a dsRNA is the primary determinant of substrate choice.
Our data argue that the combination of R2D2 and cellular phosphate restricts Dicer-2 to its biologically relevant substrates by inhibiting the processing of short substrates such as premiRNA. Thus, a protein, R2D2, and a small molecule, phosphate, convert a promiscuous dsRNA endonuclease into one specific for the long dsRNA substrates that trigger RNAi (Figure 6 ). It is tempting to speculate that inorganic phosphate interferes with recognition of the 5 0 monophosphate present on all pre-miRNAs and that 5 0 phosphate recognition is unnecessary for longer substrates, because their greater length allows additional protein-RNA contacts-perhaps by the dsRNA-binding and the helicase domains-between Dicer-2 and long dsRNA. We note that human Dicer has been reported to recognize a 5 0 monophosphate on single-stranded RNA (Kini and Walton, 2007) . 
Substrate consumed 6 ± 2 0.2 ± 0.1 1.2 0.2 ± 0.1 0.03 ± 0.02 siRNA produced 6 ± 2 5 ± 2 1.2 4 ± 1 0.7 ± 0.4 ATP hydrolyzed 14,000 ± 4,000 460 ± 70 5 93 ± 14 0.007 ± 0.002
The initial rates of converting dsRNA into siRNA for increasing amounts of substrate were measured at saturating ATP (1 mM), and the initial rates of hydrolysis of ATP to ADP were measured at saturating dsRNA (150 nM) for increasing amounts of ATP. The table reports mean ± standard deviation for four trials. Different preparations of Dicer-2 were used here and in Table 1 . Figure 4 . Evidence that Dicer-2 Is Processive (A) Site-specifically 32 P-radiolabeled 120 bp dsRNAs were used to measure the rate of production of the first, second, and fourth siRNAs from the all-RNA end of the substrate; the 3 0 end of the sense strand contained two deoxynucleotides (red) to block entry of Dicer-2 from the other end ( Figure S4A ). Production of siRNA was monitored in the presence or absence of ATP using 100 nM dsRNA and 5.4 nM Dicer-2. Values correspond to the mean ± standard deviation from three independent experiments. The data were fit to a single exponential function. In (A) and (B), pink denotes the position of the 32 P radiolabel.
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(B) The rate of production of the initial siRNA was measured as in (A) but using a site-specifically 32 P-radiolabeled dsRNA with either a blunt (black) or a 2 nt, 3 0 -overhanging (red) end in the presence or absence of ATP.
(C) The rate of production of the initial siRNA was monitored using 100 nM Dicer-2 and 10 nM dsRNA bearing either a blunt (left) or a 2 nt 3 0 -overhanging (right) end in the presence or absence of ATP or ATPgS.
(D) The rate of production of the initial siRNA from a 120 bp blunt-ended dsRNA (10 nM) was measured using 100 nM mutant Dicer-2
G31R
. (E) The rate of production of the first and fourth siRNAs from a 120 bp blunt-ended dsRNA (100 nM) was measured using 100 nM Dicer-2 G31R . Values are mean ± standard deviation for three independent experiments.
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Phosphate and R2D2 Restrict Dicer-2 to Long dsRNA
In flies, the Dicer-2 partner proteins Loqs-PD and R2D2 likely enhance substrate specificity by increasing the affinity of the enzyme for long dsRNA. The k cat for Dicer-2 and Dicer-2/R2D2 were similar, but R2D2 decreased the K M of Dicer-2 for long dsRNA (Table 1 and Figure S5 ). We note that the specificity constant, k cat /K M , was $4 fold higher for the Dicer-2/R2D2 heterodimer than for Dicer-2 alone. Similarly, Loqs-PD lowered the K M of Dicer-2 for long dsRNA without reducing the catalytic rate, resulting in an $10-fold higher k cat /K M .
Processing of pre-miRNA by Dicer-1 was unaffected by phosphate. We find that the intrinsic properties of Dicer-1, which cannot efficiently catalyze multiple-turnover processing of long dsRNA, restrict that enzyme to process pre-miRNA. We do not yet know whether the transition of substrates from Dicer-1 to Dicer-2 is gradual, such that some substrates are processed equally well by both enzymes. In theory, such intermediate substrates might be selected against in evolution, enforcing the distinction between Dicer-1 and Dicer-2 substrates.
The Dicer-2 helicase domain is similar to that of RIG-I, a sensor in the mammalian innate immune system. The RIG-like ATPase/helicase domain is conserved among plant and animal Dicers. Yet its function has remained unknown. Our data suggest that this domain of Dicer-2 is involved in ATP-dependent production of successive siRNAs from long dsRNA. Notably, two other members of this helicase family, DRH-3 and RIG-I, are also bona fide ATPases: DRH-3, a C. elegans protein required for RNA silencing and germline development (Nakamura et al., 2007) , is a dsRNA-stimulated ATPase (Matranga and Pyle, 2010) , and the mammalian protein RIG-I, which recognizes viral 5 0 triphosphorylated dsRNA and initiates an innate immune response, uses ATP to translocate along dsRNA (Myong et al., 2009) . Our data are consistent with the idea that ATP hydrolysis fuels translocation of Dicer-2 along long dsRNA substrates. An alternative view-that the ATP-dependent binding of a molecule of Dicer at the end of the substrate promotes the complete and rapid oligomerization of Dicer-2 along the entire extent of the dsRNA-would require that the Dicer and RIG-I helicase domains share a conserved sequence but have highly divergent functions.
ATP was not required for Dicer-2 to process pre-miRNA, and a mutant Dicer-2 unable to hydrolyze ATP remained able to process pre-miRNA but not long dsRNA. These results help explain why in C. elegans, in which a single Dicer processes both long dsRNA and pre-miRNA, a mutation in the DCR-1 helicase domain disrupted endo-siRNA, but not miRNA, accumulation (Welker et al., 2010) .
Four lines of evidence support a role for ATP hydrolysis in theproduction of successive siRNAs along the dsRNA by Dicer-2. First, Dicer-2 consumes a constant amount of ATP per base pair. Second, $23 molecules of ATP were consumed for each 21 nt siRNA produced. Third, the rate of production of the first, second, and fourth siRNAs from a long dsRNA substrate were indistinguishable in the presence of ATP, but in the absence of ATP, the rate of siRNA production declined with increasing distance from the end of the dsRNA. Finally, the association of Dicer-2 with a long dsRNA was resistant to dilution provided ATP was present, suggesting that after binding the end of its substrate, Dicer-2 remains bound to the dsRNA and uses ATP energy to reposition itself to produce the next 21 bp siRNA. Translocation along the dsRNA seems a likely mechanism.
Although helicase mutant Dicer-2 G31R processed pre-miRNAs as efficiently as wild-type Dicer-2, the mutant was unable to produce even the terminal siRNA from a long RNA duplex under multiple turnover conditions. This suggests an inherent ability of the helicase domain of Dicer-2 to distinguish between long and short substrates. We note that the helicase domain of human Dicer autoinhibits processing of an RNA duplex, and its dsRNAbinding protein partner TRBP, a homolog of R2D2 and Loqs, relieves this inhibition (Ma et al., 2008; Chakravarthy et al., 2010) . We hypothesize that Drosophila Dicer-2 can occupy two distinct conformations. When inorganic phosphate is low, Dicer-2 assumes a conformation-perhaps similar to the autoinhibited conformation of human Dicer-that can bind and load siRNA. This conformation is unaffected by ATP and, we presume, is involved in promiscuously processing pre-miRNA in vitro. When inorganic phosphate is higher and the enzyme's helicase and dsRBDs engage its substrate, Dicer-2 assumes a conformation that requires ATP for binding and hydrolysis to process dsRNA. 
EXPERIMENTAL PROCEDURES Protein Expression and Purification
Expression and purification of His 6 -Dicer-2 or His 6 -Dicer-2 and His 6 -R2D2 in Sf21 cells was as described (Liu et al., 2003; Tomari et al., 2004) . His 6 -Dicer-2 G31R , His 6 -Dicer-2 D1217,1614N
, and His 6 -Dicer-1 were expressed in Sf9 insect cells using the BAC-to-BAC Baculovirus Expression System (Invitrogen, Carlsbad, CA) and purified from cell lysates by using Ni-NTA agarose (QIAGEN, Valencia, CA), HiTrap Q, HiTrap Heparin (GE Healthcare, Pittsburgh), and Superdex 200 gel filtration. Loqs-PD was expressed in Escherichia coli Rosetta2(DE3), isolated using Ni-Sepharose (GE Healthcare), treated with HRV3C protease cleavage to remove the His-tag, and purified using HiTrap SP and HiTrap Heparin. Proteins were exchanged into 20 mM HEPES-KOH (pH 8.0), 100 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine hydrochloride. Protein concentrations were determined by quantitative amino acid analysis (Keck Biotechnology Resource Laboratory, New Haven, CT). Two different Figure 6 . A Model for Drosophila Dicer-2 preparations of recombinant Dicer-2 were used in this study. Preparation 1 was used for Table 1 and Figures 2, 3E, 4C , S2B, S3A, S3D, and S5. Preparation 2 was used for Table 2 and Figures  1, 3A-3D, 3F, 3G , 4A, 4B, 5, S1, S2A, S3B, S3C, and S4.
RNA Substrates DsRNAs were prepared as described (Haley et al., 2003) . PCR templates for transcription of sense and antisense RNAs were generated from the EGFP sequence of pN3-eGFP using primers listed in Table S1 . Twenty-five and 29 bp dsRNAs (Figures S2A, S3B, and S4A and Table S2) were as previously described (Rose et al., 2005) . Synthetic RNAs and synthetic Drosophila prelet-7 (Dharmacon, Lafayette, CO) were 5 0 32 P radiolabeled using [g-32 P]ATP (6000 Ci/mmol) (PerkinElmer, Waltham, MA) and T4 polynucleotide kinase (NEB, Ipswich, MA). After gel purification, RNA strands or pre-let-7 were incubated at 65 C for 5 min and then at 25 C for 30 min. Sitespecifically radiolabeled 120 nt dsRNAs were prepared by DNA-splinted ligation (Tables S3  and S4 ) (Moore and Sharp, 1993; Moore and Query, 2000) . To monitor formation of the fourth siRNA in Figure 4B , we used a 120 nt substrate in which the fifth siRNA (the last siRNA generated by Dicer-2 from this substrate) was site-specifically 32 P radiolabeled. The fourth siRNA produced corresponds to the sum of the two 32 P-radiolabeled cleavage products produced when the dsRNA was cleaved to generate the fourth and fifth siRNAs.
In Vitro RNA Processing For Dcr-2 +Loqs-PD, Loqs-PD was first mixed with Dicer-2 or Dicer-2/R2D2 and incubated for 10 min on ice, followed by 5 min at room temperature. Dicing reactions contained 7.5 mM DTT, 3.3 mM magnesium acetate, 0.25% v/v glycerol, 100 mM potassium acetate, 18 mM HEPES-KOH (pH 7.4), 15 mM CP, 2.25 mg CK, and 1 mM ATP; ÀATP reactions contained 1 mM EDTA but no CK or CP; ATPgS reactions contained 1 mM ATPgS only. In Figures 2A-2D, 3 , 4B-4E, 5, S3, and S4, +ATP reactions contained no CP or CK; +CP and +CK reactions in Figures 2B and S2B contained 20 mM CP or 2.25 mg CK. Reactions were assembled on ice and preincubated at 25 C for 5 min before adding RNA. In Figure S4 , dilution buffer contained 0.1% NP-40. Aliquots (1 ml) of reactions with radiolabeled RNA substrate were quenched by the addition of 25 volumes of formamide loading buffer (98% v/v formamide, 0.1% w/v bromophenol blue and xylene cyanol, 10 mM EDTA), incubated for 5 min at 95 C and analyzed by electrophoresis through a denaturing polyacrylamide 7 M urea gel using 0.53 Tris-borate-EDTA buffer (National Diagnostics, Atlanta). In Figure 5 , 200 ml aliquots from dilution reactions were stopped with 300 mM sodium acetate and 25 mM EDTA, isopropanol precipitated, and dissolved in formamide loading buffer before gel analysis. Gels were exposed to image plates and analyzed with an FLA-5000 and ImageGauge 3.0 software (Fujifilm, Tokyo). In Figure 1 , let-7 and let-7* strands were detected by northern hybridization with 5 0 32 P-radiolabeled DNA probes (Table S1) .
ATP Hydrolysis [a-
32 P]ATP (250 nM, 3000 mmol/Ci) (PerkinElmer) was used to monitor hydrolysis. Reactions were stopped with a 25 vol formamide loading dye, spotted onto 20 3 20 cm cellulose plates (EMD, Darmstadt, Germany), and chromatographed in 0.75 M KH 2 PO 4 (adjusted to pH 3.3 with H 3 PO 4 ) until the solvent reached the top of the plate. The plate was dried and analyzed by phosphorimagery. For Figure S3B , ATP hydrolysis was monitored using the ATP Bioluminescent Assay Kit (Sigma, St. Louis). The reaction was stopped by diluting the sample ten times in H 2 O and immediately flash-freezing in liquid nitrogen. Samples were stored at À80 C until they were measured. A standard curve spanning at least 100-fold less than and greater than the experimental values was used to determine ATP concentrations.
Rate Analyses
Substrate converted to siRNA versus time was fit to y = y 0 + A(1 À e Àkt ), where dy/dt = Ake Àkt . When t = 0, dy/dt = Ak (Lu and Fei, 2003) . Data were fit to the Michaelis-Menten scheme using Visual Enzymics 2008 (Softzymics, Princeton, NJ) for Igor Pro 6.11 (WaveMetrics, Lake Oswego, OR). The rate of substrate consumption was fit for each replicate separately, and two-tailed, two-sample equal variance t test was used to compare rates (Excel, Microsoft, Seattle). R 2.6.0 software was used for other statistical analyses.
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